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Abstract
Synthesis and properties are described of multilayered stationary phases containing qua-
ternary amine functional groups used for the analysis of inorganic anions by ion chroma-
tography. The bonded phases were characterized by elemental analysis, solid state
13C NMR
spectroscopy and chromatographic methods. The surface of polyhydroxyethyl methacrylate
(solid support) was coated with polymeric layers formed by condensation polymerization of
primary amine with diepoxide. Each layer of the anion exchange stationary phase consisted
of methylamine and 1,4-butanedioldiglycidyl ether copolymer. A series of stationary phases
with different number of polymerized layers were tested. Separation of inorganic anions,
such as F
-,C l
-,N O 2
-,B r
-,N O 3
-, were performed. Aqueous hydroxide, carbonate and
bicarbonate solutions were used as mobile phases.
Keywords
Ion chromatography
Stationary phases
Inorganic anions
Separation selectivity
Quaternary ammonium groups
Introduction
Forthelast20 years,ionchromatography
(IC) has become a popular chromato-
graphictechniqueforthedeterminationof
inorganic and organic ions [1–3]. IC pro-
vides good repeatability and a wide range
of applications used for water quality
control procedures [4–6], atmosphere
monitoring [7], food analysis [8, 9] and
within the pharmaceutical industry [10].
Since the introduction of IC much
research has been conducted in order to
address ion-exchange selectivity and
improvement of separation of anions,
particularly in the development of sta-
tionary phases. In recent years, the
number of ion-exchange materials in-
creased dynamically [11, 12].
The majority of stationary phases
currently used for separation of ionic
compounds are based on organic poly-
mers and silica gel. In contrast to sta-
tionary phases prepared on silica gel,
organic polymers show higher stability
towards extreme pH conditions. The
silica-based anion exchangers [13, 14]
can be operated only in between pH
2.0–9.5 while polymeric ion exchangers
are stable across the entire pH range.
Thus, styrene/divinylbenzene (PS/DVB)
copolymers [15, 16], polyvinyl and
polymethacrylate resins [17] are the most
important organic polymers used as
materials in the manufacturing process
for polymer-based anion exchangers.
As far as IC columns are concerned,
a number of problems have to be taken
into consideration when developing sta-
tionary phases. One important aspect
deals with the analysis of samples with
high concentrations which require high
ion-exchange capacity. An increased
column capacity is necessary in order
to achieve suitable separations of more
complex mixtures. This becomes also
relevant in cases where sample analysis
encounters huge disproportions of par-
ticular analyte concentrations (analytical
and preparative scale). The improvement
of column eﬃciency is an important
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opment and involves a decrease in par-
ticle size as well as the surface chemistry
[18]. The separation selectivity depends
mostly on the stationary phase and the
inﬂuence of the mobile phase is rather
weak and one of the popular anion-
exchange groups are quaternary ammo-
nium groups [19, 20].
The main aim of this study was the
synthesis of a newly functionalized sta-
tionary phase containing quaternary
ammonium groups used for ion chro-
matography. A novel anion-exchanger
was prepared by chemical modiﬁcation
of the polymer support surface forming a
Joshua Tree-like structure. Controlled
synthesis allows for the formation of a
deﬁned number of bonded layers, hence
leading to desirable properties in ion-
exchange capacity. Monomers such as
1.4-butanedioldiglycidyl ether (BDDE)
and methylamine (MA) were used.
Experimental
Instrumentation
Chromatographic analyses were per-
formed with an ion chromatograph
Dionex model, ICS-3000 consisting of a
pump, a degasser, an autosampler, a
thermostat, a conductometric detector.
Data collection and analysis was per-
formed on a personal computer using the
Chromeleon Chromatography Manage-
ment 6.8. software (Dionex Corporation,
Sunnyvale,USA).TheDionexSuppressor
ASRS-ULTRA II 2-mm was installed
between the analytical column and con-
ductometric detector.
Solid-state
13C NMR cross-polariza-
tion magic angle spinning (CP-MAS)
measurements were recorded on a MSL
300 spectrometer (Bruker, Karlsruhe,
Germany) at a resonance frequency of
4,500 Hz, using a zirconium rotor (7 mm
diameter). All spectra were externally
referenced with liquid tetramethylsilane
(TMS) and the chemical shifts (d) were
given in parts per million (ppm). Ele-
mental analysis was done using a Perkin-
Elmer CHN 240 analyzer (Palo Alto,
USA).
The porosity parameters characteriz-
ing the starting material were determined
by low-temperature nitrogen adsorp-
tion–desorption method using a Model
ASAR 2010 (version 2.0) sorptomatic
apparatus (Micrometrics, Norcross, GA,
USA).
A micrograph of the packing was
obtained from a scanning electron
microscope (SEM) type 1430 VP (LEO
Electron Microscopy, England).
Water was puriﬁed with a Milli-Q
Puriﬁcation System (Millipore, Bedford,
USA). The pH measurements of the
mobile phase were performed with a
pH meter CP-505 (Elmetron, Zabrze,
Poland).
Chemicals and Eluents
The solid support of laboratory-pre-
pared phases was polyhydroxyethyl
methacrylate Spheron 300 (Lachema,
Brno Czech Republic) with a particle
diameter of 25–40 lm. The properties of
this polymer were presented earlier [16].
The following reagents were used for the
chemical modiﬁcation of the polymer
support material. Methylamine (MA,
40% in H2O, v/v) and 1.4-butanedioldi-
glycidyl ether (BDDE, 95% in H2O, v/v).
Both reagents were obtained from Sigma-
Aldrich Chemie (Steinheim, Germany).
Sodium ﬂuoride, sodium chloride,
sodium nitrite, potassium nitrate,
potassium bromide, sodium carbonate
and sodium hydrogen carbonate were of
analytical grade and purchased from
POCh (Gliwice, Poland).
Preparation of the
Anion-Exchanger
Figure 1 shows the chemical structure of
the anion-exchanger prepared in our
laboratory.
The basic condensation polymeriza-
tion chemistry depends on MA and
BDDE as monomers to build a branch-
ing polymer that possess quaternary
ammonium anion exchanger sites. This
stationary phase was prepared using
25–40 lm polyhydroxyethyl methacry-
late. The support sample (4 g) was wet-
ted with 1% (v/v) HCl, then ﬁltered and
rinsed with redistilled water to obtain a
neutral pH. A 15 mL mixture of mono-
mers (2.6–3.0% MA and 7.0–7.4%
BDDE) was added to the resin and
reacted for 30 min at a temperature of
60–70 C. After reaction the mixture
was ﬁltered and rinsed with redistilled
water. Following the addition of 15 mL
3.0–5.0% (v/v) MA was added to the
resin and reacted for 30 min at a tem-
perature 60–70 C, ﬁltered and rinsed
with redistilled water. Next 15 mL
9.0–11.0% (v/v) was added to the resin
and reacted for 30 min at a temperature
60–70 C, ﬁltered and rinsed with redis-
tilled water. The last two steps were re-
peated three, seven, eleven and ﬁfteen
times to make 3, 7, 11 and 15-layers on
solid support, respectively.
Results and Discussion
Physico-Chemical
Characterizations
of the Stationary Phases
The new anion exchanger that may be
used as a stationary phase for the
determination of ionic compounds was
subjected to a variety of physico-chemi-
cal characterization procedures. These
included elemental analysis (CHN), nu-
clear magnetic resonance spectroscopy
(
13C CP-MAS NMR) and chromato-
graphic methods. The CHN analysis was
performed for the pure polymer and
after modiﬁcation with 3, 7, 11 and 15
bonded polymer layers. To control the
number of layers polymerized on solid
support the nitrogen content (percent-
age) was chosen as the main parameter.
The percentage values obtained were
0.14, 0.40, 0.91 and 1.35 (%N) for 3, 7,
11 and 15 polymer bonded layers in the
stationary phase, respectively. As it can
be expected, the percentage of the
nitrogen in the stationary phases
increased exponentially with the number
of bonded layers. Non-linear increase of
the nitrogen content may suggest that
the number of nitrogen atoms found in
successive layers was higher than in the
previous one and this observation agreed
well with a Joshua Tree model of the
synthesized stationary phase. This cor-
relation can be useful for the control of
bonded layer numbers formed during
stationary phase preparation. In this
612 Chromatographia 2010, 72, October (No. 7/8) Originalcase the elemental analysis data was
invaluable in conﬁrming the identity of
the polymeric resins structure for anion-
exchange chromatography.
A
13C CP-MAS NMR spectrum of
Spheron 300 before and after modiﬁca-
tion is presented in Fig. 2.
The interpretation of these spectra
wasdiﬃcultbecausetheamountofadded
carbon is relatively low in comparison
to the carbon content present in the sup-
port.Additionally,someofthefunctional
groupsarepresentinsupportandbonded
phase. In the support, the presence
of methyl groups gave a signal at
d = +55.1 ppm and methylene carbons
connected with oxygen (–O–CH2–) were
observed at d = +66.4 ppm. Signals at
d = +17.8 ppm and d = +177.2 ppm
corresponded to the presence of methyl
and carbonyl groups, respectively. A
quaternary carbon atom gave a signal at
d = +45.2 ppm.Afterthemodiﬁcationa
new signal was observed at d = +25.8
ppm that corresponded to a methylene
groups as a result of carbon chain for-
mation. Signals in the range between
d = +71.3–75.4 ppm corresponded to
methylene groups connected with oxygen
(–O–CH2), nitrogen (–CH2–N–) and
carbon connected to an ether bond and
hydroxyl group. The signals intensity
at d = +55.1, d = +60.2 ppm decrease
signiﬁcantly after modiﬁcation of the
support.
Chromatographic
Characterization of the
Stationary Phases
All synthesized stationary phases con-
taining 3, 7, 11 and 15 bonded layers
were tested using ﬁve representative
inorganic anions. The composition of
tested mixture included ﬂuoride, chlo-
ride, nitrite, bromide and nitrate anions
at a concentration of 20 mg L
-1. The
column void volume was obtained from
the solvent peak. Inorganic anions were
separated with the hydroxyethyl meth-
acrylate-based anion-exchange column
using four diﬀerent eluents consisting
of aqueous hydroxide, carbonate, bicar-
bonate and bicarbonate–carbonate
solutions as the mobile phase. A variety
of changes in mobile phase compositions
were evaluated for the impact on sepa-
ration and modiﬁcation of pH (pH
8.21 for NaHCO3, 11.76 for NaOH).
Representative chromatograms using
the 7-, 11-, 15-layered stationary phase
using bicarbonate-carbonate solutions
are shown in Fig. 3.
Under these conditions we obtained a
separation of ﬁve inorganic anions with
resolution (Rs) values ranging from 1.41
to 0.96. Asymmetry factors (fAS) of the
peaks presented in the chromatogram
ranged from 0.84 to 1.63. Table 1 sum-
marizes retention, peak asymmetry (fAS)
and resolution (Rs) characteristics of the
three tested columns.
A carbonate/bicarbonate buﬀer was
used as the mobile phase. Since the sta-
tionary phases were synthesized on the
polymer with a wide range of particle
diameter retention is presented as k0/SBET
where retention factor (k0) was divided by
the speciﬁc surface area of the polymer
support [SBET, specﬁc surface measured by
BET method (m
2 g
-1)]. The order of the
elution was independent of the number of
Fig. 1. Structure of the stationary phase
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Fig. 2.
13C CP-MAS NMR spectra of Spheron 300 before and after modiﬁcation (15 layers).
R represents another branch of the Joshua Tree
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synthesized stationary phases allowed for
the formation of symmetrical peaks for all
tested anions. Asymmetry factors ranged
between 0.85 and 1.49.
Table 2 shows the changes of the
retention of ﬁve anions using diﬀerent
buﬀers such as aqueous hydroxide,
bicarbonate, carbonate and bicarbonate/
carbonate solutions as a mobile phase.
The order of anion elution was
independent of the used buﬀer. Anions
exhibited the highest retention when
bicarbonate buﬀer was used as a mobile
phase and the lowest retention was ob-
served using sodium hydroxide solution.
The retention of tested anions decreased
with increased mobile phase pH. On the
tested stationary phase sodium hydrox-
ide had the highest elution strength (and
highest pH). It is contradictory to the
commonly knowledge, where the sodium
hydroxide is considered as a rather weak
eluent [17].
Using all tested eluents, anions
exhibited high k0 values resulting in
excellent selectivity for all used com-
pounds. Despite the relatively low
retention of the ﬁrst ﬂuoride peak it was
also well separated from the solvent peak
at the beginning of the chromatogram.
Figure 4 displays the changes of
retention (k0) versus mobile phase pH
observedforthe15-layeredbondedphase.
A mixture of carbonate/bicarbonate
buﬀer (2.2 mM/2.8 mM) was used as the
mobile phase. The highest decrease in
retention factor was observed with in-
creased mobile phase pH from 9.0 to 9.5.
In the pH range 9.5-10.5 the retention
factor was almost constant. However, a
slight decrease was observed, especially
for highly retained nitrate anions.
Application of the eluent with pH < 9
lead to signiﬁcantly increased retention
which was not desirable.
As expected, the retention factor of
all anions strongly depended on the
number of bonded layers (Fig. 5).
The stationary phase containing only
three layers did not exhibit any retention
under measurements conditions. The
increase of the retention from 7 to 15
bonded layers was connected with the
increase of the quaternary ammonium
groups number present in the structure
of the bonded phase. The higher number
of ion-exchange centers in the stationary
phase lead to increased ion retention.
According to the Joshua Tree model of
the stationary phases, the number of
quaternary ammonium groups changed
exponentially with the number of bon-
ded layers. The retention factor of all
anions changed in a similar manner over
the number of bonded layers.
Fig. 3. Separation of inorganic anions on hydroxyethyl methacrylate based column:
250 9 2.1 mm; 7, 11 and 15 layers of MA-BDDE; ﬂow-rate: 1.2 mL min
-1; detection:
suppressed conductivity. Eluent: 2.2 mM Na2CO3 + 2.8 mM NaHCO3 (pH 9.71). Peaks:
1 = ﬂuoride; 2 = chloride; 3 = nitrite; 4 = bromide; 5 = nitrate
Table 1. Comparison of the resolution (Rs) and peak asymmetry factor (fAS) on the 7-, 11- and
15-layers bonded phase
Solute Number of layers
n = 7 n = 11 n = 15
k0 RS fAS k0 RS fAS k0 RS fAS
F
- 1.31 1.19 1.58 1.10 0.68 1.49
Cl
- 4.56 2.51 1.11 8.67 2.51 1.07 3.88 2.15 1.21
NO2
- 8.12 1.51 1.07 17.34 2.23 1.06 8.06 1.60 1.09
Br
- 11.02 0.99 0.85 25.67 1.58 1.01 11.55 0.93 1.17
NO3
- 16.06 1.39 1.06 39.49 1.45 0.86 18.15 1.33 1.13
Table 2. Anion exchange capacity factors of anions, k0 ¼ tr t0
t0 with various mobile phases
Solute Concentration
(mg
-1 L)
k0
2.5 mM
NaOH
2.0 mM
Na2CO3
8.0 mM
NaHCO3
2.2 mM
Na2CO3 + 2.8 mM
NaHCO3
Fluoride 20.24 1.05 0.68 1.29 0.68
Chloride 20.10 3.81 3.70 6.83 3.88
Nitrite 20.09 6.60 7.40 13.75 8.06
Bromie 20.24 8.89 10.42 19.69 11.55
Nitrate 19.80 13.12 16.26 30.57 18.15
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compared using diﬀerent mobile phase
pH values for carbonate/bicarbonate
eluents and using diﬀerent buﬀers
(hydroxide, carbonate, bicarbonate and
mixture carbonate/bicarbonate). Data
obtained for the 15 layers are presented
in Figs. 6a and b, respectively.
The highest selectivity (a) was
observed for ﬁrst pair (ﬂuoride/chlo-
ride). The lowest selectivity was observed
for nitrite/bromide and bromide/nitrate
anions. However, the selectivity of all
ions was above 1.1 (loga > 0.5).
Figure 6a revealed that when a carbon-
ate/bicarbonate buﬀer was used selec-
tivity was almost independent from the
mobile phase pH.
Selectivity did not depend on the
quantitative composition of the buﬀer.
For four tested buﬀers, selectivity was
not observed to change more than 10%
which suggested that selectivity de-
pended mostly on the stationary phase
rather than the mobile phase. Selectivity
was not signiﬁcantly aﬀected by the
number of bonded layers.
Conclusions
The preparation of newly functional-
ized stationary phases used for ion
chromatography is presented. A poly-
meric resin containing quaternary
ammonium functional groups is a suit-
able material for ion chromatographic
separations of inorganic anions. A ser-
ies of bonded phases which contained
more than three bonded layers exhib-
ited high retention and selectivity. The
retention of all anions increased with
the number of bonded layers which was
associated with increased adsorption
centers present in the stationary phase.
On the other hand selectivity was
independent of the mobile phase pH
and used buﬀer. Synthesized stationary
phases may be successfully applied to
the determination of inorganic anions
found in environmental samples such as
mineral and spring water. Optimal
conditions included the use of a 15-
layered bonded phase and a mobile
phase of 2.2 mM Na2CO3 +2 . 8m M
NaHCO3 (pH = 9.71).
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